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HIGHLIGHTS 


►  All  Bi0.76Yo.24-xMxOi.5+5  reported  a  lower  sintering  temperature  than  Bi0.76Yo.240i.5. 

►  Lattice  constant  of  Bi0.76Yo.240i.5  rose  with  dopants  of  Gd3+,  Sc3+,  or  Zr4+,  but  not  Nb5+. 

►  Bio.76Yo.2oZr0.o40i.5+(5  ceramic  has  the  electrical  conductivity  of  0.55  S  cm  1  at  700  °C. 

►  Co-doped  Bi203  ceramics  have  greater  conductivities  than  single-dopant  counterparts. 

►  The  larger  conductivity  may  be  triggered  by  the  larger  lattice  constants. 
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In  this  study,  Gd203,  Nb2Os,  SC2O3,  Zr02,  and  BaO  are  chosen  as  co-dopants  with  Y2O3  to  stabilize  §  phase 
Bi203  ceramics.  Under  a  fixed  dopant  concentration,  the  effects  of  the  co-dopants  on  the  phase  stability 
and  electrical  properties  of  Bio.76Yo.24-xMxOi.5+<5  (M  =  Gd,  Nb,  Sc,  Zr,  and  Ba)  are  investigated.  Based  on 
the  study  results,  all  co-doped  specimens  exhibit  a  sintering  temperature  lower  than  that  of  the 
Bio.76Yo.240i.5  ceramic.  The  Bio.76Yo.24-xGdxOi.5,  Bio.76Yo.24-*NbxOi.5+(5,  and  Bio.76Yo.24-*ScxOi.5  ceramics 
retain  a  cubic  fluorite  structure  of  5-Bi203  phase  while  Bio.76Yo.24-xBaxOi.5_,5  displays  a  mixture  of  cubic 
and  rhombohedral  phases.  Despite  the  fact  that  the  ionic  radius  of  Sc3+  and  Zr4+  ions  are  smaller  than 
that  of  Y3+  ion,  the  lattice  constant  of  the  Bio.76Yo.240i.s  ceramic  rises  with  the  Gd203,  SC2O3,  or  Zr02 
replacement  but  drops  with  the  Nb2Os  substitution.  Of  the  compositions  studied,  the 
Bio.76Yo.2oZro.o40i.5+,5  ceramic  emerges  with  the  best  electrical  conductivities  of  0.27  and  0.55  Scm-1  at 
600  and  700  °C,  much  higher  than  those  of  the  Y203-doped  and  Zr02-doped  Bi203  ceramics.  It  is 
observed  that,  with  the  same  total  dopant  concentration,  the  co-dopant  stabilized  Bi203  ceramics 
outperforms  their  single-dopant  stabilized  counterparts  in  terms  of  conductivity,  probably  due  to  the 
larger  lattice  constants. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  development  of  intermediate-temperature  solid 
oxide  fuel  cells  (IT-SOFCs)  operating  at  temperatures  between  500 
and  700  °C  has  solicited  increasing  attention  due  to  major  compet¬ 
itive  advantages  like  cost  effectiveness,  ease  of  materials  selection, 
and  improved  long  term  stability  [1,2].  In  the  field  of  IT-SOFC 
research  and  development,  considerable  efforts  have  been  invested 
to  improve  the  ionic  conductivity  of  electrolytes  and  reduce  the 
polarization  resistance  (Rp)  of  electrodes  [3].  Of  several  electrolyte 
candidates,  face-centered  cubic  (fee)  8-Bi203  is  recognized  as  one  of 
the  most  important  oxide  ionic  conductors  [4,5].  The  5  phase,  one  of 
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the  six  polymorphs  (a,  [3,  y,  5,  c,  and  w)  [6],  exists  only  in  tempera¬ 
tures  ranging  from  730  to  824  °C  (its  melting  point)  and  transforms 
into  the  monoclinic  phase  on  cooling  below  630  °C.  Large  thermal 
hysteresis  is  usually  observed  when  the  8  phase  undergoes  cooling, 
and  one  of  the  two  intermediate  metastable  phases  -  the  tetragonal 
(3  phase  or  the  body-centered  cubic  (bcc)  y  phase  -  may  be  formed 
respectively  at  650  °C  or  639  °C.  These  intermediate  metastable 
phases  usually  transform  into  a-Bi203  on  further  cooling  [7-9].  The 
electrical  conductivity  of  the  high  temperature  5-Bi203  phase 
displays  a  magnitude  one  to  two  orders  higher  than  those  of  stabi¬ 
lized  zirconia  at  compatible  temperatures  [8,10,11  ],  due  to  the  ability 
of  Bi3+  to  accommodate  the  highly  disordered  surroundings  and  the 
fact  that  pure  8-Bi203  is  marked  with  a  large  number  of  oxygen 
vacancies  and  a  high  anion  mobility  caused  by  the  high  polarizability 
of  Bi3+  with  its  lone-pair  6s2  electrons  [12]. 
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The  high  temperature  form  of  8-Bi203  can  be  retained  at 
ambient  temperature  by  substituting  the  Bi3+  position  with  iso- 
valent  or  aliovalent  cations  such  as  M2O3  (M:  La,  Y,  Fe,  Sb,  and  rare 
earth  element)  [6,13-21],  M205  (M:  Ta,  Nb,  Sb,  and  V)  [15,22,23], 
M02  (M:  Zr,  Sn,  Te,  Ti,  and  W)  [24,25],  and  MO  (M:  Ca,  Sr,  Ba,  and 
Pb)  oxides  [6,16].  It  was  reported  that  dopants  with  an  ionic 
radius  smaller  than  that  of  Bi3+  helped  stabilize  the  high 
temperature  8-phase  due  to  the  induced  contraction  of  the  open 
structure  of  8-Bi203  [26].  On  the  other  hand,  introduction  of 
dopants  with  a  relatively  large  ionic  radius  like  La,  Nd,  Sm,  and  Gd 
into  the  Bi203  lattice  was  found  to  induce  the  formation  of 
a  rhombohedral  structure  in  Bi203  (also  a  highly  conductive 
phase)  [8].  Such  substitutions  to  stabilize  the  8  phase  generally 
result  in  lowering  the  ionic  conductivity  of  8-Bi203  since  the 
differences  in  ionic  radius  between  Bi3+  and  the  doping  cations 
induce  lattice  distortion.  Usually,  maintaining  a  lower  dopant 
concentration  while  retaining  the  8-phase  leads  to  a  higher  ionic 
conductivity  [18]. 

Compared  to  single-dopant  systems,  co-doping  using  two 
different  metal  oxides  facilitates  the  stabilization  of  the  8-Bi203 
down  to  room  temperature  at  a  lower  doping  concentration  [27,28] 
due  to  the  entropy  increase  in  the  quaternary  systems.  Several 
studies  have  been  conducted  recently  to  examine  the  effects  of  co¬ 
dopants,  including  Y— Ln  (Ln  =  Er,  Gd,  Sm,  Pr,  Nb,  Zr),  Te— Ln 
(ln  =  La,  Sm,  Gd,  Er),  Ca-W,  Dy-W,  Nb-Ho,  and  Er-Nb  oxides 
[14,26,28-32],  on  the  stabilization  of  8-Bi203  and  the  resulting 
electrical  conductivity.  While  growth  in  conductivity  was  noted  in 
few  compositions,  the  effect  of  co-doping  on  the  conductivity  of  8- 
Bi203  remains  inconclusive;  further  investigations  are  therefore 
needed.  In  this  study,  Y2O3  combined  with  oxide-containing  cations 
in  various  ionic  radii  and  valence  numbers,  including  Gd203,  Nb2Os, 
SC2O3,  Zr02,  and  BaO,  were  used  as  co-dopants  to  stabilize  the 
8  phase  Bi203.  The  effects  of  the  co-dopants  on  the  phase  stability 
and  electrical  properties  of  Bio.76Yo.24-xMxO  15+5  (M  =  Gd,  Nb,  Sc,  Zr, 
and  Ba)  were  investigated  and  discussed. 

2.  Experimental  procedure 

Powders  of  the  B^CU-based  electrolyte  materials  used  in  this 
investigation  were  synthesized  by  a  solid  state  reaction  method. 
High-purity  Bi203  (SHOWA,  Reagent  grade),  Y203  (ALFA  AESAR, 
Reagent  grade),  Gd203  (SHOWA,  Reagent  grade),  Nb2Os  (SHOWA, 
Reagent  grade),  SC2O3  (STREM  CHEMICALS,  Reagent  grade),  Zr02 
(ACROS,  Reagent  grade),  and  BaC03  (JCI,  Reagent  grade)  were  used 
as  raw  materials.  Bi203-based  oxides  based  on  the  constituents  of 
Bio.76Yo.24-xMxOi.5+«5  (M  =  Gd,  Nb,  Sc,  Zr,  and  Ba;  x  =  0.02, 0.04, 0.06, 
0.08,  and  0.10)  were  mixed  and  milled  in  methyl  alcohol  solution 
using  polyethylene  jars  and  zirconia  balls  for  24  h  and  then  oven- 
dried  at  80  °C  overnight.  After  drying,  the  powders  were  calcined 
at  temperatures  ranging  from  775  °C  to  825  °C  for  2  h  at  a  heating 
rate  of  5  °Cmin-1,  re-milled  in  methyl  alcohol  for  24  h,  and  oven- 
dried  at  80  °C  overnight.  X-ray  diffraction  (XRD,  Simens  D5000) 
was  used  for  phase  identification  on  the  calcined  powders.  For 
electrical  conductivity  measurement,  the  powders  were  added 
with  a  5  wt%  of  15%-PVA  solution  and  pressed  into  disc-shaped 
compacts  under  a  uniaxial  pressure  of  0.9  tons  cm-2.  The  samples 
were  then  heat  treated  at  550  °C  for  4  h  to  eliminate  the  PVA  and 
sintered  at  825—1050  °C  for  various  durations  (heating 
rate  =  5  °Cmin-1).  The  liquid  displacement  method  was  adopted 
to  measure  the  densities  of  the  specimens  while  conductivity  as 
a  function  of  temperature  was  measured  by  a  standard  four- 
probe  method  in  air  using  Keithley  2400  at  temperatures  ranging 
from  25  to  800  °C  at  a  heating  rate  of  2  °C  min-1.  Scanning  electron 
microscopy  (SEM,  Hitachi  S4700)  studies  on  the  fracture  surfaces  of 
the  sintered  discs  were  performed  for  microstructure  examination. 


3.  Results  and  discussion 

In  this  study,  Bio.76Yo.240i.s  was  used  as  the  host  material  to 
evaluate  the  effects  of  co-doping  on  phase  stability  and  electrical 
properties,  due  to  the  facts  that  this  composition  is  located  in  the 
stable  single-phase  region  of  the  Bi203-Y203  phase  diagram  [33] 
and  marked  with  an  electrical  conductivity  close  to  the  highest  in 
the  Bi203-Y203  system  as  reported  by  Takahashi  et  al.  [10,23]. 
Various  ions,  including  Ba2+  (1.42  A),  Sc3+  (0.87  A).  Gd3+  (1.05  A). 
Zr4+  (0.84  A),  and  Nb5+  (0.74  A),  were  selected  to  co-dope  with  Y3+ 
in  the  Bi203  lattice.  The  total  doping  concentration  in  Bi203  was 
maintained  at  24  mol%  and  the  co-dopants  were  formulated  to 
replace  the  Y3+  ions  in  the  Bi203  matrix,  i.e.  Bio.76Yo.24-xMxO  1.5+5 
( x  =  0.0,  0.02,  0.04,  0.06,  0.08,  and  0.10).  Under  a  fixed  total  dopant 
concentration,  the  effect  of  the  ions  co-doped  with  Y3+  on  the 
characteristics  of  Bi203  were  investigated  since  conductivity  is 
known  to  depend  on  total  dopant  concentration  and  a  higher  dopant 
content  generally  results  in  a  lower  oxide  ionic  conductivity  [8,18]. 

In  the  study,  the  host  material  of  Bi0.76Yo.240i.5  was  sintered  at 
temperatures  ranging  from  950  to  1150  °C  for  2  h  and  the 
maximum  densification  achieved  at  1025  °C  was  96%  of  the  theo¬ 
retical  density  (TD).  As  Fig.  1(a)  reveals,  the  diffraction  peaks  of  the 
XRD  pattern  were  indexed  to  a  cubic  fluorite  structure  of  8-  Bi203 
phase  (JCPDS  card  No.  84-1450).  Its  lattice  constant  was  calculated 
to  be  5.4940  A,  in  accord  with  the  results  (5.493  A)  reported  in  the 
literature  [21,34]  but  smaller  than  that  of  8-  Bi203  (0.56595  A)  [9] 
due  to  the  difference  in  the  ionic  radius  between  Y3+  (1.02  A)  and 
Bi3+  (1.17  A)  (Fig.  2).  At  500,  600,  700,  and  800°C,  the  measured 
electrical  conductivities  of  the  densified  Bi0.76Yo.240i.5  ceramic 
were  respectively  0.01,  0.08,  0.26,  and  0.56  Son-1  (Fig.  4(a)), 
slightly  higher  than  the  results  reported  by  Takahashi  et  al.  [10]. 
Part  of  the  Y3+  ions  in  the  Bio.76Yo.240i.5  host  material  was  then 
replaced  by  various  amounts  of  Ba2+,  Sc3+,  Gd3+,  Zr4+,  and  Nb5+ 
ions. 

Results  of  the  sintering  study  on  the  Bi0.76Yo.24-xMxOi.5  ceramics 
indicated  that  all  the  co-doped  specimens  (Bi0.76Yo.24-xGdxOi.5, 
Bio.76Yo.24-xNbxO  1.5+5,  Bi0.76Yo.24-xScxOi.5,  Bi0.76Y0.24-xZrxOi.5+5,  and 
Bio.76Yo.24-xBaxOi.5_5  ceramics)  showed  a  sintering  temperature 
lower  than  that  of  the  Bio.76Yo.240i.s  ceramic.  Achieving  a  sintered 
density  greater  than  95%  TD,  the  Bi0.76Yo.24-xGdxOi.5, 
Bio.76Y0.24-xScxOi.5,  and  Bi0.76Y0.24-xZrxO  1.5+5  ceramics  were  densified 
at  950  °C  and  the  Bi0.76Yo.24-xNbxOi.5+5  ceramic  at  975  °C.  With  sin¬ 
tering  temperatures  significantly  lower  than  those  of  other  systems, 
the  Bio.76Yo.24-xBaxOi.5_5  ceramics  could  be  densified  at  a  tempera¬ 
ture  as  low  as  825  °C,  indicating  that  the  substitution  of  Ba2+  effec¬ 
tively  reduced  the  sintering  temperature  of  the  Bio.76Yo.240i.5 
ceramic.  It  should  be  noted  that,  in  the  Bi0.76Yo.24-xScxOi.5  system, 
densification  was  obviously  improved  with  the  increase  in  the  Sc3+ 
content;  for  instance,  the  sintered  density  rose  from  96.1%  TD  for  the 
Bio.76Yo.22Sco.o20i.5  ceramic  to  nearly  100%  TD  for  the  Bio.76Yo.14- 
SC0.10O1.5  ceramic. 

Fig.  l(b)-(f)  presents  the  XRD  patterns  of  the  Bi0.76Yo.24-xMxOi.5 
ceramics  with  the  maximum  densification  and  Table  1  lists  the 
identified  phase  for  each  system.  Similar  to  the  Bio.76Yo.240i.5 
ceramics  illustrated  in  Fig.  1(a),  the  Bi0.76Yo.24-xGdxOi.5, 
Bio.76Yo.24-xNbxOi.5+5,  and  Bi0.76Yo.24-xScxOi.5  ceramics  showed 
a  cubic  fluorite  structure  of  8-Bi203  phase  regardless  of  the  x  values 
studied.  No  other  second  phase  was  visible  in  the  XRD  patterns.  As 
reported  in  the  literature,  Bii_xGdxOi.s  obtained  a  rhombohedral 
single  phase  with  the  x  value  ranging  from  0.1  to  0.3  and  a  fee  phase 
at  x  of  0.35.  Bii_xNbxO  1.5+5  obtained  a  pure  fee  phase  as  the  x  value 
reached  0.15  [10,23].  It  should  be  noted  that  Sc203,  an  effective 
dopant  for  stabilizing  the  cubic  phase  and  thus  increasing  the  ionic 
conductivity  of  Zr02,  has  not  been  used  in  the  Bi203  system  yet. 
Nevertheless,  it  is  apparent  in  the  present  study  that  the 
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Fig.  1.  XRD  patterns  of  (a)  Bio.76Yo.240i.5  ceramic  (1025  °C/2  h),  (b)  Bio.76Yo.24-xGdxOi.5  ceramic  (950  °C/2  h),  (c)  Bi0.76Y0.24-xNbxO  1.5+5  ceramic  (975  °C/2  h),  (d)  Bi0.76Yo.24-xScxOi.5 
ceramic  (950  °C/2  h),  (e)  Bio.76Yo.24-xZrxOi.5+a  ceramics  (950  °C/2  h),  and  (f)  Bi0.76Yo.24-xBax01.5_5  ceramic  (825  °C/2  h). 


Bio.76Yo.24-xGdxOi.5,  Bi0.76Yo.24-xNbxOi.5+5,  and  Bi0.76Yo.24-xScxOi.5 
systems  with  the  concentration  of  co-dopant  and  Y3+  (i.e.  Gd3+/Y3+, 
Nb5+/Y3+,  and  Sc3+/Y3+)  set  at  the  ratios  of 22/2, 20/4, 18/6, 16/8,  and 
14/10  showed  no  sign  of  destabilizing  the  5-Bi203  phase.  The  finding 
supported  indirectly  the  observation  that,  with  two  dopants,  the 
cubic  phase  of  Bi203  could  be  stabilized  with  a  lower  total  dopant 
concentration  as  compared  to  a  single  dopant  system  [26,27].  As 
revealed  in  Fig.  2,  the  calculated  lattice  constants  of  the 
Bio.76Yo.24-xNbxOi.5+a  ceramics  gradually  went  down  from  5.4906  to 


Fig.  2.  Lattice  constants  calculated  from  the  XRD  patterns  of  the  sintered 
Bio.76Yo.24-xMxOi.5+5  ceramics. 


5.4815  A  as  the  x  value  escalated  from  0.02  to  0.10,  caused  by  the 
smaller  ionic  radius  of  Nb5+  (0.74  A)  as  compared  to  that  of  Y3+ 
(1.02  A).  The  lattice  parameter  appeared  to  stay  constant  as  the  x 
value  reached  0.6  and  above,  suggesting  the  possible  formation  of 
a  second  phase,  which,  however,  was  not  observable  in  the  XRD 
pattern  due  to  its  small  quantity.  For  the  Bio.76Yo.24-xGdxOi.5  and 
Bio.76Yo.24-xScxOi.5  ceramics,  the  lattice  constants  increased  slightly 
and  almost  linearly  with  the  addition  of  Gd203  or  SC2O3,  rising  from 
5.4919  to  5.5098  A  for  the  Bi0.76Yo.24-xGdxOi.5  ceramic  and  from 
5.4919  to  5.5098  A  for  the  Bi0.76Yo.24-xScxOi.5  ceramic.  The  ionic 
radius  of  Gd3+  ion  (1.05  A)  is  slightly  larger  and  the  ionic  radius  of 
Sc3+  ion  (0.87  A)  smaller  than  that  of  Y3+  ion  (A).  The  exact  reason 
for  the  smaller  Sc3+  to  trigger  a  slight  lattice  expansion  in  the 
Bio.76Yo.24-xScxOi.5  ceramics  is  still  unclear.  Flowever,  two  possibili¬ 
ties  have  been  cited.  One  reason  is  the  reduction  of  Sc3+  to  Sc2+ 
associated  with  the  creation  of  oxygen  vacancies  when  substituted 
in  the  Bi3+  sites  [17].  Or  it  might  be  due  to  a  similar  behavior 
observed  by  Jung  et  al.:  double  doping  results  in  a  considerably 
larger  lattice  parameter  than  is  obtained  from  either  of  the  dopants 
when  they  are  singularly  doped  [26],  since  occupation  in  the  inter¬ 
stitial  sites  is  quite  improbable  in  bismuth  oxide  lattice  [31].  As 
indicated  in  Fig.  1(e),  for  the  Bi0.76Yo.24-xZrxOi.5+«5  system,  formation 
of  the  8-Bi203  phase  associated  with  the  presence  of  a  second 
Zro.82Yo.250i.9iOi.5+«5  phase  was  observed  after  sintering  at  950  °C  for 
2  h,  particularly  with  x  >  0.06.  The  intensity  of  the  peaks  corre¬ 
sponding  to  the  Zro.82Yo.25O1.91  compound  rose  as  the  content  of 
Zr02  dopant  in  Bi0.76Yo.24-xZrxOi.5+(5  moved  up.  The  lattic  constant  of 
the  Bi0.76Yo.24-xZrxOi.5+«5  ceramics,  as  indicated  by  Fig.  2,  significantly 
increased  with  the  growth  in  the  Zr02  content  from  5.4932  to  5.5289 
A  as  the  x  value  escalated  from  0.02  to  0.10.  Though  the  ionic  radius 
of  Zr4+  is  smaller  as  compared  to  that  of  Y3+,  the  formation  of 
Zro.82Yo.25O1.91  consumed  the  Y203  content  in  the  Bi203  matrix  and 
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Table  1 

Crystal  phases  observed  in  the  sintered  Bi0.76Yo.24-xMxOi.5  (M  =  Gd,  Nb,  Sc,  Zr,  Ba)  specimens. 
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Formulation 

Sintering  temperature 

Phase  present 

Bio.76Yo.240l.5 

1025  °C/2  h 

Cubic 

Bio.76Y().24-xGdxOi.5 

x  =  0.02 

Bio.76Yo.22Gdo.020l. 5 

950  °C/2  h 

Cubic 

x  =  0.04 

Bio.76Yo.2oGdo.040l. 5 

950  °C/2  h 

Cubic 

x  =  0.06 

Bio.76Yo.l8Gd0.060i.5 

950  °C/2  h 

Cubic 

x  =  0.08 

Bio.76Yo.l  6Gdo.080l  .5 

950  °C/2  h 

Cubic 

x  =  0.10 

Bio.76Yo.i4Gdo.ioOi.5 

950  °C/2  h 

Cubic 

Bio.76Yo.24-xNb*Oi.5+(5 

x  =  0.02 

Bi0.76Y0.22Nb0.02Ol. 5+5 

975  °C/2  h 

Cubic 

x  =  0.04 

Bi0.76Y0.20Nb0.04O1. 5+5 

975  °C/2  h 

Cubic 

x  =  0.06 

Bio.76Yo.l  8Nb0.06Ol  .5+5 

975  °C/2  h 

Cubic 

x  =  0.08 

Bio.76Yo.l  6Nb0.08Ol  .5+5 

975  °C/2  h 

Cubic 

x  =  0.10 

Bio.76Yo.i4Nbo.ioOi.5+5 

975  °C/2  h 

Cubic 

Bio.76Yo.24-xScxOi.5 

x  =  0.02 

Bi0.76Y0.22SC0.02O1. 5 

950  °C/2  h 

Cubic 

x  =  0.04 

Bi0.76Y0.20SC0.04Ol. 5 

950  °C/2  h 

Cubic 

x  =  0.06 

Bio.76Yo.l8SCo.060l.5 

950  °C/2  h 

Cubic 

x  =  0.08 

Bio.76Yo.l6SCo.080l.5 

950  °C/2  h 

Cubic 

x  =  0.10 

Bio.76Yo.l4SCo.loOl.5 

950  °C/2  h 

Cubic 

Bio.76Yo.24-xZrxOi.5+<5 

x  =  0.02 

Bi0.76Y0.22Zr0.02O1. 5+5 

950  °C/2  h 

Cubic 

x  =  0.04 

Bi0.76Y0.20Zr0.04O1. 5+5 

950  °C/2  h 

Cubic 

x  =  0.06 

Bio.76Yo.i8Zro.o60i.5+5 

950  °C/2  h 

Cubic  +  rhombohedral 

x  =  0.08 

Bio.76Yo.i6Zro.o80i.5+5 

950  °C/2  h 

Cubic  +  rhombohedral 

x  =  0.10 

Bio.76Yo.i4Zro.ioOi.5+5 

950  °C/2  h 

Cubic  +  rhombohedral 

Bio.76Yo.24-xBaxOt.5-5 

x  =  0.02 

Bi0.76Y0.22Ba0.02O1. 5_5 

825  °C/2  h 

Cubic  +  rhombohedral 

x  =  0.04 

Bi0.76Y0.20Ba0.04O1. 5-5 

825  °C/2  h 

Rhombohedral  +  unknown 

x  =  0.06 

Bio.76Yo.18Bao.060i.5_5 

825  °C/2  h 

Rhombohedral  +  unknown 

x  =  0.08 

Bio.76Yo.i  eBao.osOi  ,5_5 

825  °C/2  h 

Rhombohedral  +  unknown 

x  =  0.10 

Bi0.76Y0.14Ba0.10ol.5_5 

825  °C/2  h 

Rhombohedral  +  unknown 

consequently  increased  the  lattice  constant.  Berezovsky  et  al.  also 
observed  the  existence  of  a  second  phase  in  their  study  examining 
the  (Bi203)o.7i(Y203)o.24(Zr02)o.o5  composition  [35],  though  exact 
composition  of  the  second  phase  was  not  specified.  In  the  case  of  the 
Bio.76Yo.24-xBaxOi.5_,5  ceramics,  the  XRD  patterns  shown  in  Fig.  1(f) 
reveal  a  major  cubic  phase  and  a  minor  rhombohedral  phase  whose 
intensity  rose  with  the  increase  in  the  content  of  the  BaO  dopant. 
This  observation  is  expected  due  to  the  fact  that  the  highly 
conductive  rhombohedral  phase  is  generally  obtained  when  Bi203  is 
doped  with  Sr,  Ba,  La,  and  other  divalent  or  trivalent  cations  with 
a  relatively  large  radius  [10].  The  peaks  in  the  XRD  patterns  corre¬ 
sponding  to  the  cubic  phase  shifted  to  higher  20  values  and  those 
referred  to  the  rhombohedral  phase  moved  to  lower  26  values  as  the 
x  value  increased.  Based  on  the  facts  that  Ba2+  (1.42  A)  is  much  larger 
and  Y3+  (1.02  A)  smaller  than  Bi3+  (1.17  A),  it  can  be  concluded  that 
the  rhombohedral  phase  is  rich  in  Ba2+  content  and  the  Y3+ 
concentration  in  the  cubic  phase  rises  with  the  x  value  as  Bi3+  is 
consumed  by  the  formation  of  the  rhombohedral  phase.  The  calcu¬ 
lated  lattice  parameters  of  the  major  cubic  phase  in  the 
Bio.76Yo.22Bao.o20i.5_,5,  Bio.76Yo.i8Bao.o60i.5-<5  and  Bio.76Yo.i4BaioOi.5_,5 
ceramics  appeared  to  be  5.5028  A,  5.4957  A  and  5.4886  A,  respec¬ 
tively,  which  confirmed  the  phase  development  in  the 
Bio.76Yo24-xBaxOi.5_a  ceramics. 

Fig.  3  shows  the  typical  SEM  micrographs  of  the  transgrainular 
fracture  surfaces  of  the  Bi0.76Yo.24-xMxOi.5  ceramics  with  maximum 
densification  as  compared  to  that  of  the  Bio.76Yo.240i.5  ceramic.  The 
results  indicated  that  all  the  ceramics  were  marked  with  a  dense 
structure  with  little  porosity.  With  the  exception  of  the 
Bio.76Yo.i8Bao.o60i.5_(5  ceramic,  all  the  ceramics  appeared  to  have  an 
analogous  microstructure  dotted  with  closed  pores  (<2  pm)  and 
grain  sizes  ranging  approximately  from  5  to  10  pm.  More  specifi¬ 
cally,  the  pores  in  the  Bi0.76Yo.24-xZrxi.5+(5Oi.5+(5  system  tended  to 
coalense  as  the  Zr02  dopant  increased  and  some  pores  emerged  to 
reach  10  pm  in  size.  For  the  Bi0.76Yo.24-xBaxOi.5_«5  ceramics,  the 
microstructure  changed  from  granular  to  lamellar  grains  as  the 
content  of  BaO  dopant  increased  to  0.06  and  beyond. 


Fig.  4  presents  the  Arrhenius  plot  of  the  electrical  conductivities 
of  the  Bio.76Yo.24-xMxOi.5  ceramics  with  maximum  densification 
compared  to  those  of  the  Bi0.76Yo.240i.5  ceramic  for  reference.  The 
electrical  conductivities  of  Bio.76Yo.24-xGdxOi.5  at  different 
temperatures,  as  shown  in  Fig.  4(b),  increased  with  the  rise  in 
temperature.  Similar  to  those  reported  in  the  literature,  there  was 
a  slight  bend  at  approximately  625  °C,  due  to  the  change  in 
conductivity  slopes  resulted  from  a  short-range  order-disorder 
transformation  in  the  oxygen  sublattice  [10,27,35].  For  the 
Bio.76Yo.24-xGdxOi.5  compositions,  no  significant  difference  was 
observed  in  their  electrical  conductivities  which  were  fairly  close  to 
those  of  the  Bi0.76Yo.240i.5  ceramic,  except  for  Bi0.76Yo.i4Gd0.ioOi.5 
that  revealed  higher  values  of  0.13  and  0.30  Son-1  respectively  at 
600  and  700  °C,  much  better  than  those  of  single-dopant  added  5- 
Bi203  ceramics,  such  as  the  Bio.75Yo.250i.5  and  Bio.65Gdo.350i.5 
ceramics,  as  reported  in  the  literature  [8]. 

As  revealed  by  Fig.  4(c),  the  electrical  conductivity  of  the 
Bio.76Yo.24-xNbxOi.5  ceramics  kept  increasing  with  the  rise  in 
temperature.  A  clear  bend  in  the  conductivity  slopes  at  approxi¬ 
mately  625  °C  was  also  observed,  similar  to  the  one  observed  by 
Berezovsky  et  al.  [35].  Of  the  compositions  with  various  Nb5+ 
contents,  Bi0.76Yo.2oNbo.o40i.5+<5  obtained  the  highest  conductivities 
of  0.09  and  0.29  SotT1  at  600  and  700  °C  respectively,  which  are 
much  higher  than  those  in  the  5-Bi203  systems  with  a  single  dopant 
of  Y3+  or  Nb5+  such  as  the  Bio.75Yo.250i.5  and  Bio.75Nbo.250i.5 
ceramics  as  reported  in  the  literature  [8,27,36].  The  conductivity  of 
the  Bi0.76Yo.24-xNbxOi.5  ceramics  showed  a  tendency  of  decreasing 
with  increasing  Nb5+  concentration  due  to  the  fact  that  the  incor¬ 
poration  of  Nb205  in  the  Bi203  lattice  diminished  the  oxygen 
vacancies  according  to  the  following  equation  [36]: 

Nb205  +  2V0  ?^32NbBi  +  50S 

Though  the  conductivity  of  the  Nb2Os-stabilized  Bi203  was  less 
than  one-fifth  of  the  conductivity  of  the  Y203-stabilized  Bi203  in  the 
literature  [36],  the  electric  conductivities  of  the  Bio.76Yo.24-xNbxOi.5 
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Fig.  3.  SEM  micrographs  of  fracture  surfaces  of  (a)  Bio.76Yo.240i.5  ceramic  (1025  °C/2  h),  (b)  Bio.76Yo.i4Gdo.ioOi.5  ceramic  (950° C/2  h),  (c)  Bio.76Yo.2oNbo.o40i.5+5  ceramic  (975  °C/2  h), 
(d)  Bio.76Yo.i4Sco.ioOi.5  ceramic  (950  °C/2  h),  (e)  BiojeYo.ieZro.osOi.s+s  ceramic  (950  °C/2  h),  and  (f)  B[0J6Y0^a0,060t5_d  ceramic  (825  °C/2  h). 


ceramics  stabilized  by  co-dopants  displayed  no  sign  of  being 
significantly  inferior  to  those  of  other  systems  in  the  present  study. 

According  to  Fig.  4(d),  the  electrical  conductivity  of  the  Y2O3  and 
SC2O3  co-doped  Bi203  ceramics  escalated  with  the  increase  in 
temperature  and  in  the  Sc3+  content  of  the  Bio.76Yo.24-*ScxOi.5 
ceramics.  It  should  be  noted  that  the  bend  induced  by  the  change  in 
the  conductivity  slopes  and  observed  in  previous  two  systems  was 
not  evident  in  this  system.  Enhancement  in  the  electrical  conduc¬ 
tivity  of  the  Bio.76Yo.24-*ScxOi.5  ceramics  with  Sc3+  content  might 
be  attributed  to  the  improved  densification  of  the  ceramics  with 
increasing  Sc3+,  the  relatively  small  ionic  radius  of  Sc3+,  and  the 
inability  of  isovalent  substitution  to  diminish  oxygen  vacancy.  The 
best  composition,  Bi0.76Yo.i4Sco.ioOi.5,  showed  electrical  conduc¬ 
tivities  of  0.20  and  0.46  Son-1  respectively  at  600  and  700  °C. 

Fig.  4(e)  shows  the  electrical  conductivities  of  various 
Bio.76Y0.24-xZrxOi.5+(5  ceramics  at  different  temperatures  which 
reveal  different  temperature-dependent  behaviors  determined  by 
the  Zr4+  content.  While  the  electrical  conductivity  continued  to 
increase  with  temperature,  there  was  a  clear  bend  at  600  °C  of  the 
conductivity-curve  for  the  Bi0.76Y0.22Zr0.020 1.5+5  ceramic,  similar  to 
the  previous  case.  Also  observed  was  a  drop  in  the  conductivity  of 


the  Bi0.76Yo.i4Zr0.ioOi.5+<5  ceramic  at  575° C,  which  might  be  caused 
by  the  decomposition  of  the  metastable  5-Bi203  into  two  iso- 
structural  fee  phases,  two  bcc  phases  isostructural  to  y-Bi203,  and 
traces  of  Zr02  as  reported  by  Yaremchenko  et  al.  in  their  study  on 
the  (Bi0.95Zr0.o5)o.85Yo.i50i.5+<5  system  [29],  though  no  electrical 
conductivity  was  given.  A  similar  anomaly  of  sudden  drop  in 
electrical  conductivity  was  further  observed  in  the  (6^03)0.75 
(^03)0.25  ceramics  at  600°C  though  they  may  not  share 
a  common  mechanism  [34].  It  is  apparent  that  5-Bi203  retained  its 
good  conductivity  in  this  system,  in  spite  of  the  presence  of  the 
Zro.82Yo.250i.9iOi.5+<5  second  phase  and  the  lower  oxygen-vacancy 
concentration  resulted  from  the  substitution  of  Zr4+  ions  in  the 
Bi203  lattice  based  on  the  following  equation: 

2Zr02+V0  ^  2ZrBi  +  40^ 

Of  the  Bio.76Yo.24-xZrxO  i.5+5  ceramics  studied,  the 
Bio.76Yo.2oZro.o40i.5+<5  ceramic  emerged  to  sustain  the  best  electrical 
conductivities  of  0.27  and  0.55  Son-1  at  600  and  700  °C  respec¬ 
tively,  significantly  higher  than  those  of  the  Y203-doped  and  the 
Zr02-dope3d  Bi203  ceramics  [10]. 
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Fig.  4.  Arrhenius  plots  of  the  electrical  conductivities  of  (a)  Bi0.76Yo.240i.5  ceramic  (1025  °C/2  h),  (b)  Bi0.76Yo.24-xGdxOi.5  ceramics  (950°C/2  h),  (c)  Bi0.76Yo.24-xNbxOi.5+(5  ceramics 
(975  °C/2  h),  (d)  Bi0.76Yo.24-xScxOi.5  ceramics  (950  °C/2  h),  (e)  Bi0.76Yo.24-xZrxOi.5+(5  ceramics  (950  °C/2  h),  and  (f)  Bi0.76Yo.24-xBaxOi.5_5  ceramics  (825  °C/2  h). 


As  Fig.  4(f)  indicates,  the  conductivity  of  the  Bi0.76Y0.24-xBaxO1.5_5 
ceramics  escalated  with  the  rise  in  temperature.  A  bend  in  the 
conductivity  curve  at  600  °C  with  x  =  0.02  and  a  sharp  change  in 
conductivity  at  approximately  650  °C  with  x  >  0.04  were  observed. 
The  jump  at  600-650  °C,  a  common  feature  of  the  BaO-,  SrO-,  CaO- 
doped  BhOs,  was  regarded  as  a  small  configuration  change  in  the 
relative  position  of  atoms  (pi  to  (32  transition)  within  the  rhombo- 
hedral  crystal  lattice  that  has  also  been  observed  in  other  systems 


[7,10,37,38].  The  magnitude  of  the  change  increased  with  the  Ba2+ 
content  (i.e.  x  value)  in  the  Bio.76Yo.24-*BaxOi.5_5  ceramics  as  the 
dopant  triggered  the  formation  of  a  rhombohedral  phase.  The 
conductivity  decreased  with  the  x  value  below  the  transition 
temperature  and  increased  above  the  transition  temperature.  The 
best  conductivity  was  observed  in  the  Bi0.76Y0.1sBa0.06O1.5-5 
composition  and  reached  0.03  and  0.27  S  cm-1  respectively  at  600 
and  700  °C,  much  lower  than  those  of  the  BaO-doped  Bi203  and 
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Fig.  5.  Comparison  of  electrical  conductivities  of  various  Bi0.76Yo.24-xMxOi.5+<5 
ceramics,  including  Bi0.76Yo.240i.5  (1025  °C/2  h),  Bi0.76Yo.i4Gd0.ioOi.5  (950°C/2  h), 
Bi0j6Y0.20Nb0.04O1.5-H5  (975  °C/2  h),  Bio.76Yo.i4Sco.ioOi.5  (950  °C/2  h), 

Bio.76Yo.i6Zro.o80i.5+(5  (950  °C/2  h),  and  Bi0.76Y0.i8Ba0.06O1.5_5  (825  °C/2  h). 

Y203-doped  Bi203  ceramics  [8].  The  substitution  of  Ba2+  in  the  Bi203 
lattice  seemed  to  facilitate  no  ion  movement  though  the  following 
equation  indicates  a  rise  in  the  concentration  of  oxygen  vacancy. 

2BaO  ^  2Ba'Bl  +  20g  +  V0 

According  to  Fig.  5  that  compares  the  highest  electrical  perfor¬ 
mance  of  various  systems  and  that  of  the  Bio.75Yo.250i.5  ceramic, 
Bio.76Yo.2oZro.o40i.5_,5  emerged  to  be  the  best  composition  and 
Bio.76Yo.i4Sco.ioOi.5  the  second,  followed  respectively  by  the 
Bio.76Yo.i4Gdo.ioOi.5,  Bio.76Yo.2oNbo.o40i.5+<5>  and  Bi0.76Y0.1sBa0.06O1.5-5 
systems  with  their  conductivities  reaching  similar  values  as  the 
temperature  increased;  the  difference  in  conductivity  grew  insig¬ 
nificant  above  700  °C.  The  exception  of  Bi0.76Y0.1sBa0.06O1.5_5  may  be 
due  to  the  existence  of  dual  (cubic  and  rhobohedral)  phases  and  the 
smaller  lattice  constants.  The  conductivity  of  the  Bio.76Yo.24-xMxOi.5 
ceramics  seemed  to  show  no  strong  correlation  to  the  change  in  the 
concentration  of  oxygen  vacancy  resulted  from  the  addition  of  co¬ 
dopants.  It  is  reported  in  the  literature  that  co-doping  allows 
a  much  lower  dopant  concentration  to  stabilize  the  fee  phase  at  room 
temperature  and  subsequently  leads  to  a  higher  conductivity  based 
on  the  fact  that  conductivity  increases  linearly  as  total  dopant 
concentration  decreases  with  a  fixed  dopant  ratio  [8,18,26].  On  the 
other  hand,  with  the  same  total  dopant  concentration  maintained  by 
the  present  study,  all  systems,  except  for  the  Bi0.76Y0.1sBa0.06O1.5-5 
ceramic,  emerged  to  be  superior  to  the  Bi0.75Y0.25Oi.5  ceramic  in 
terms  of  electrical  conductivity.  The  result  not  only  testifies  to  the 
ability  of  the  co-dopant  stabilized  5-Bi203  to  improve  electrical 
conductivity  but  also  suggests  that  the  nature  of  the  co-doped  ions 
also  plays  an  important  role  in  affecting  conductivity.  One  of  the 
reasons  may  be  that  the  lattice  constants  of  the  co-dopant  stabilized 
Bi203  ceramics  are  larger  than  those  of  their  single-dopant  stabilized 
counterparts. 


4.  Conclusions 


Results  of  the  study  indicate  that,  compared  to  the  Bi0.76Yo.240i.5 
ceramic,  the  Bi0.76Yo.24-xGdxOi.5,  Bi0.76Yo.24-xNbxOi.5+5,  Bio.76Yo.24-x 
ScxOi.5,  Bi0.76Yo.24-xZrxOi.5+5,  and  Bi0.76Yo.24-xBaxOi.5_(5  ceramics 
revealed  a  lower  sintering  temperature.  With  the  only  exception  of 
the  Bi0.76Yo.24-xBaxOi.5_«5  ceramic,  a  cubic  fluorite  structure  of  5-Bi203 
phase  was  observed  regardless  of  the  x  values.  All  the  studied 
ceramics  were  marked  with  a  dense  structure  with  little  porosity.  Of 
the  systems  evaluated,  Bio.76Yo.2oZro.o40i.5+5  demonstrated  the  best 
composition,  followed  by  Bi0.76Yo.i4Sco.ioOi.5.  The  conductivity  of  the 
Bio.76Yo.24-xMxOi.5  ceramic  seemed  to  register  no  strong  correlation 
to  the  change  in  the  concentration  of  oxygen  vacancy  caused  by  the 
addition  of  co-dopants.  The  5-Bi203  stabilized  by  co-doping  improved 
the  electrical  conductivity  as  compared  to  the  one  stabilized  by  single 
doping,  probably  due  to  the  larger  lattice  constants. 
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